rules for transdifferentiation between cell types will imXlhbox8 is the Xenopus homolog of Pdx1, the TTR (transprove our ability to reprogram stem cells or differenti- 
tion of the different cell types within the pancreas [19-
Initially, liver and pancreas development occur normally in transgenic tadpoles containing TTR-Xlhbox8-21]. Of these, the one that has the most likelihood of encoding the difference between liver and pancreas is VP16, with Elas-GFP only being expressed in the dorsal and ventral pancreatic buds ( Figure 1D ). From stage 45 Pdx1. It is expressed early in the endoderm prior to overt morphological development of the pancreas and (5 days), many individuals also show an anterior patch of fluorescence in the position normally occupied by the has been shown to play a fundamental role in pancreatic development [22] . In Pdx1 knockout mice, pancreatic liver ( Figures 1E-1I ). In the method used, each transgenic tadpole represents a separate integration event, tissue is missing. Although initial specification does occur, no mature pancreas is formed [23, 24] . In humans, with differing gene copy numbers integrating into different sites in the host genome; thus, some variation in the lack of a functional Pdx1 protein also results in agenesis of the pancreas [25] . Several groups have overexresults is to be expected. The proportion of transgenic individuals showing ectopic pancreas is 61%, and these pressed Pdx1 in various sites but have not so far succeeded in producing ectopic pancreas [26] [27] [28] . We felt may be complete or partial transformations of liver to pancreas, with the rest of the tadpole appearing normal. that the lack of success in these experiments might be due to the lack of appropriate protein partners in the In all positive cases, the ectopic pancreatic tissue, visualized by an ectopic patch of GFP fluorescence, is target tissues and have therefore taken a different approach by using a modified form of Pdx1 for which proclearly distinguishable from the endogenous pancreas ( Figure 1G ). tein partners are unlikely to be necessary.
Using a tissue-specific promoter, we have produced To determine unequivocally whether the ectopic Elas-GFP expression represents true conversion of liver to transgenic Xenopus tadpoles that overexpress an activated form of the Xenopus homolog of Pdx1, Xlhbox8-pancreas, we examined the expression of several pancreatic differentiation products. Insulin and glucagon VP16, in the liver. This causes a conversion of liver to pancreatic tissue, containing both exocrine and endoare the principal hormones produced, respectively, by ␤-and ␣-type endocrine cells. In normal tadpoles, insulin crine cell types. To confirm that this result is not limited to Xenopus, or to larval stages of development, we have mRNA is detected in the dorsal pancreas prior to stage 47 (7 days) ( Figure 2A ) [37, 38] . In TTR-Xlhbox8-VP16 also transfected Xlhbox8-VP16 into the human hepatoma cell line, HepG2. This is also converted into pancretransgenic tadpoles, ectopic insulin is also detected in the region of the liver ( Figures 2B and 2C ). Glucagon atic cells, which express either amylase or insulin. These results show that overexpression of an activated form expression is normally found in small groups of cells in the pancreas beginning at stage 45, as well as in the of Pdx1 can induce the formation of pancreas from liver, in a process that we consider to be a transdifferentiation enteroendocrine cells of the stomach and small intestine ( Figure 2D ) [37-39]. In TTR-Xlhbox8-VP16 transgenic event. They demonstrate that it is possible to switch one tissue to another by overexpression of a single trantadpoles, ectopic glucagon expression can also be seen in the normal position of the liver ( Figures 2E and 2F ). scription factor and suggest a possible novel therapy for diabetes based on the transdifferentiation of liver Amylase is a major product of the pancreatic exocrine cells [40] . In TTR-Xlhbox8-VP16 transgenic tadpoles, cells.
amylase mRNA is expressed in the ectopic pancreatic tissue in identical regions to the Elas-GFP expression Results (Figures 2G-2I ). In the example shown here, part of the liver has become pancreas, but the portion marked L Xlhbox8-VP16 Causes Conversion does not express either GFP or amylase and is presumof Liver to Pancreas ably unchanged. These results demonstrate that the In order to produce a version of Pdx1 that would activate region expressing GFP in the transgenics is differentitarget genes without the need for protein partners, the ated pancreas, containing both exocrine and endocrine VP16 activation domain from Herpes simplex virus [29- tissues. 31] was fused to the C terminus of Xlhbox8, the Xenopus To begin to understand the mechanism of the process, homolog of Pdx1 [32]. We then used a transgenic we have used RT-PCR to examine whether the endogemethod [33] to express Xlhbox8-VP16 in the liver of nous Xlhbox8 is activated in the liver upon transient Xenopus tadpoles. The Xlhbox8-VP16 is driven by the expression of Pdx1-VP16. As shown below, the mouse murine transthyretin (TTR) promoter [34] , which we have Pdx1-VP16 is also active, and use of this transgene previously shown to be liver-specific in Xenopus and to enables specific detection of the endogenous Xlhbox8 become active only after liver differentiation has begun by RT-PCR. In TTR-Pdx1-VP16:Elas-GFP transgenic [35]. To make it easier to identify the transgenic tadpoles tadpoles, we find that the endogenous Xlhbox8 is actiand to monitor the efficiency of the process, GFP was vated in the ectopic pancreas, but not in the normal liver placed under the control of an elastase promoter (Elas-(data not shown). This result suggests that conversion GFP) and was included in the same transgene (Figure of liver to pancreas by the transgene occurs by activat-1A). The elastase element used is a 213-bp fragment of ing the endogenous pancreatic transcription program. the complete promoter that drives expression in both endocrine and exocrine cells [36] . Hence, all cell types in regions of pancreatic tissue are expected to express Structure-Activity Relationship In order to check that the result was not specific to the GFP. As shown previously in our lab, this elastase promoter drives expression of transgenes in both the dorsal We eliminated Pbx binding by changing FPWMK to FPAAA, but this did not reduce the biological activity main was removed, and, second, a single amino acid change, which is known to abolish DNA binding, was ( Figure 3 ). The N-terminal activation domains of Xlhbox8 and produced within helix three of the homeodomain (WFQNRR → WFQSRR). When these constructs were Pdx1 have been shown to be essential to their functions [48] . We wished to determine the importance of this overexpressed in the liver, ectopic pancreas was not produced in either case (Figure 3 somewhat lower frequency than the construct described the liver has undergone conversion, we find TTR expression in the half that has not been changed to pancreas above, which contains the endogenous Xlhbox8 activation domain (Figure 3 ). Taken together, the results dem-( Figure 4C ). These results demonstrate that endogenous liver markers are quickly downregulated in the ectopic onstrate that the DNA binding domain and the VP16 domain are essential for conversion of liver to pancreas, pancreas. while the endogenous activation domain and the Pbx binding region are not necessary.
Pancreatic Tissue Arises from Differentiating Liver Cells
Because the experiments concern a larval form, the XeLiver Gene Expression Is Turned Off in the Ectopic Pancreas nopus tadpole, in which the tissues are not fully differentiated, we have investigated carefully whether the effect To confirm that the ectopic pancreatic tissue has lost expression of liver genes, we examined the transgenic represents a transdifferentiation event or the alteration of the developmental fate of uncommitted endodermal tadpoles for expression of the endogenous Xenopus transthyretin (TTR) mRNA [49] . At stage 45 in normal tissue. Previous work has shown that liver differentiation products begin to be expressed at stage 32, about 2 tadpoles, TTR mRNA is present only in the liver ( Figure  4A ) [50] . When individual TTR-Xlhbox8-VP16 transgenic days of development [50] , and that by stage 40/41, 3 days of development, the liver has formed as a separate tadpoles are examined ( Figures 4B and 4C ), we find variations in endogenous TTR expression in a precise organ. We have compared the timing of TTR promoter activation with the temporal expression of two liver complementary pattern to the ectopic pancreatic tissue seen with Elas-GFP (see Figure 1) . When the whole liver markers, Xhex (a homeobox gene) [51] and AMBP (␣1-microglobulin/bikunin precursor) [52] . Both Xhex and is converted to pancreas, no expression of endogenous TTR is detected ( Figure 4B ). However, when only half AMBP mRNAs are specifically expressed in a region Figures 4I and 4J) . This means that, prior to TTR promoter activation, both Xhex the transgene is initiated. We therefore feel that the effect is appropriately described by the term "transdifand AMBP have been expressed for 2 days, and the liver has been separated as a discrete organ for 1 day.
ferentiation." Note that the expression of endogenous TTR is not quite the same as that of the TTR promoter we have used. In Xlhbox8-VP16 Causes Conversion of Human Liver Cells to Pancreas addition to the pattern shown here, the endogenous gene also shows an early phase of activation in the In order to determine that the biological activity of Xlhbox8-VP16 is not confined to Xenopus, or to the larval whole endoderm, excluding the liver [50] .
When TTR-Xlhbox8-VP16:Elas-GFP transgenic tadstages of development, we investigated the effects of transfecting the same construct into the human liver poles are examined at stage 40/41, before activation of the TTR promoter, the GFP fluorescence can be seen cell line, HepG2. This cell line shows a large number of properties of differentiated hepatocytes, including exin the normal pancreatic buds, but not in the liver ( Figure  1D ). Cases fixed at this stage showed the presence of pression of albumin, transferrin, and transthyretin [53, 54] , and it does not express specific pancreatic markers. Xhex mRNA throughout the liver as normal and showed the presence of GFP mRNA only in the pancreas As expected, the elastase promoter is not active in these cells (data not shown), but it is active in pancreatic cell ( Figure 4D) .
In addition to this evidence that the liver is already lines such as AR42J [12] ; however, the TTR promoter is expressed in HepG2 cells, but not in AR42J cells (see differentiating, it is significant that, in some cases, there is a complete transformation of liver to pancreas. Al- Figure 5D ). A total of 4-5 days after transfection of HepG2 cells though we cannot exclude the participation of some persisting undifferentiated endodermal cells in this prowith TTR-Xlhbox8-VP16:Elas-GFP, a number of cells positive for GFP fluorescence were clearly visible, indicess, the fact that the whole organ can be transformed means that at least some of the ectopic pancreas must cating the activation of the elastase promoter. As mentioned above, the element used is active in both exocrine have arisen from the differentiating hepatocytes. Figures 5B, 5C , 5E, and 5F), thus demonstrating that they are now differentiated pancreatic cells.
In cells undergoing conversion to pancreas, however, transferrin expression is downregulated ( Figure 6B ). This shows that the activity of the Xlhbox8-VP16 construct is not confined to Xenopus but can also drive These results are in agreement with the Xenopus results and show that, upon conversion to pancreas, hepatohuman liver cells to form both pancreatic exocrine and endocrine cells. A similar result has also been obtained cyte gene expression is shut off. In order to quantify the effect, we compared the profor the rat FAO hepatoma line (data not shown).
To confirm that hepatocyte gene expression is being portion of green fluorescent cells produced by transfection of TTR-Xlhbox8-VP16:Elas-GFP with the proportion downregulated in HepG2 cells during the process, we have examined the expression of a liver protein, transobtained by transfection of CMV-GFP. Assuming that Figure 
Conversion of Human Liver HepG2 Cells to Pancreatic Endocrine and Exocrine Cells (A-H) HepG2 cells were transfected with either control plasmid CMV-nGFP or the TTR-Xlhbox8-VP16:Elas-GFP construct and were immunostained for either (A-C) GFP and Insulin (5 days) or (E-G) GFP and Amylase (4 days). All pictures were taken with the confocal microscope; (D) and (H) have bright field overlay. (A and E) HepG2 cells transfected with CMV-nGFP are only positive for GFP. (B, C, F, and G) HepG2 cells transfected with TTR-Xlhbox8-VP16:Elas-GFP show both (B and C) Insulin-and (F and G) Amylase-positive cells that colocalize with GFP. A total of 15% (14/94) of the GFP-positive cells were also insulin positive; 12% (11/90) of the GFP-positive cells were also amylase positive. The scale bars for (A)-(C) and (E)-(G) represent 10 m. (D) HepG2 cells transfected with TTR-nucGFP demonstrating activation of the TTR promoter. The scale bar represents 20 m. (H) Live image of AR42J-B13 cells transfected with TTR-Xlhbox8-VP16:Elas-GFP

